Introduction
In situ hybridization with biotinylated synthetic oligodeoxynucleotides has proven useful for detecting a wide variety of mRNA species (Liposits et al., 1991; Larsson and Hougaard, 1990,1991; Lloyd et al., 1990; Ttembleau et al., 1990; Hankin et al., 1989; Larsson, 1989; Arai et al.. 1988; Guitteny et al., 1988; Larsson et al., 1988; Lewis et al., 1985) . Use of a non-radioactive detection system secures precision of localization combined with the analytical speed needed for practical diagnostic work. Recently, using alkaline phosphatase-based detection, we have demonstrated that the nonradioactive hybridization signal can be quantitated by image anal-ously used systems. In agreement with previous biochemical data, image analysis showed that starvation of rats led to a progressive decrease in cell staining intensities and cell numbers. Double staining for rat gastrin mRNA and gastrin immunoreactivity showed that in adult rats almost all gastrin cells expressed both mRNA and protein. Similar studies on developing rat gastrin cells revealed discrepancies between gastrin mRNA and gastrin-immunoreactive cells during the first week of newbom life. Subsequently, expression 0fmRNA and protein in the cells became gradually more ysis . As oligonucleotides can now be chemically labeled with biotin or other reporter groups, large quantities of well-defined probes can be produced. This approach avoids problems with enzymatic labeling, which results in heterogeneity of the labeled probe molecules and, furthermore, may be influenced by variable activities in individual enzyme batches (cf. Larsson and Hougaard, 1990) .
We have now evaluated qualitative and quantitative aspects of non-radioactive in situ hybridization using chemically biotinylated probes. Endocrine gastrin cells have been chosen as a model. These cells predominate in the antropyloric mucosa of the stomach and respond to changes in the gastric juice by regulating synthesis and release of gastrin (Wu et al., 1990; Brand and Stone, 1988) . Therefore, antropyloric gastrin " A concentrations vary with the prandial state and have now been studied at the cellular level by quantitative in situ hybridization. Quantitative aspects of the hybridization were also evaluated by model system studies. In addition, the ontogenetic development of rat antropyloric gastrin cells has been followed by double staining using in situ hybridization and immunocytochemistry.
Materials and Methods
Tissue Material. Adult male Wistar rats (200 g) were fed ad libitum (freely fed) or starved for 20, 27, or 72 hr and then sacrificed. In addition, rat fetuses (17-21 days of gestation) and rat pups (Days 1-21 of neonatal life) obtained from time-paired Wistar rats were used. Adult rats were sacrificed by carbon dioxide asphyxiation and rat pups by decapitation. Specimens from the antropyloric mucosa were quickly dissected out and frozen in melting Freon-22. The specimens were stored at -8O'C and were then freeze-dried, paraformaldehyde vapor-fixed, and embedded in paraffin in vacuo as described (Larsson, 1988) . Antropyloric mucosa from four freely fed rats was frozen in liquid nitrogen for RNA extraction and Northern blotting.
Oligonucleotide Synthesis and Labeling. The probes were synthesized on an Applied Biosystems 391 DNA synthesizer using standard p-cyanoethyl phosphoramidite chemistry. Multiple primary aliphatic amines, AminoModifier I1 (Clontech Laboratories; Palo Alto, CA) were incorporated as a tail in the 3' end during the synthesis. Adjacent primary amine sites were separated by one nucleotide. Subsequently, amine sites were biotinylated using Biotin-xx-NHS ester (14-carbon spacer arm) (Clontech Laboratories). Unreacted biotin ester was removed by Sephadex G-25 chromatography, after which the biotinylated probes were purified by reverse-phase HPLC using a C-18 column (Novapak, Type 8NVC18, 4 pm) (Waters-Millipore; Milford, MA) and a gradient of 0-40% acetonitrile in 0.1 M triethylammonium acetate, pH 7.0. The following probes were produced HumGus S-T'IC-CECAGCCATGGKCCTGCTT-[ (biotin-C) x 31-3'. containing a 24-mer hybridization sequence complementary to human gastrin mRNA (gastrin-34[17-241 region) (Boel et al., 1983) ; RatGu~3 I'-CTGGGGGTGGCTGGA-GATGGCTGGGCT-[(biotin-C)x 41-3'. containing a 27-mer hybridization sequence complementary to the coding sequence of rat gastrin mRNA (Fuller et al., 1987) . position 375-401; andRatGar4 5'-GACCTIGGG GCCCCAGc"KCGAT-[(biotin-C)~4]-3: containing a 27-mer hybridization sequence complementary to the coding sequence of rat gastrin mRNA (Fuller et al., 1987) , position 212-238.
In Situ Hybridization. Sections of 5-10 pm were deparaffinized and submitted to in situ hybridization using a previously described protocol (Larsson et al., 1988 , modified as detailed below. (a) Sections were refixed in Bouin's fluid for 30 min at room temperature (RT) to quench endogenous intestinal alkaline phosphatase activity and were then extensively washed in 70% ethanol. (b) Proteolytic treatment was carried out with 0.015% pepsin (Cat. no. P7012; Sigma, St. Louis, MO) in 0.2 M HCI for 20 min (RT) instead of with proteinase K. (c) Hybridizations were performed at 10-20'C below the theoretically calculated melting points (Tm) (Fitzpatrick-McElligtt et al., 1988) of the hybrids and stringency washings in 0.1 x SSC (1 x SSC = 0.15 M sodium chloride, 0.015 M sodium citrate) were at 5-15' C below the Tm. (d) Detection of the hybridization was performed either by the previously published monoclonal antibiotin-alkaline phosphatase-anti-aJkaline phosphatase method (APAAP procedure) (Larsson and Hougaard, 1990; Cordell et al., 1984) or by an antibody-streptavidin-alkaline phosphatase (ASAP) procedure similar to the procedure described by Guerin-Rewrchon et al. (1989) . The ASAP procedure consisted of sequential 30-min incubations at RT with (a) monoclonal mouse antibiotin (Dakopatts, Copenhagen, Denmark; DAKO M743) diluted 1100-1:300 in 0.1 M sodium phosphate buffer. pH 7.4, containing 0.15 M NaCl and 0.25% bovine serum albumin (PBS-BSA); (b) biotinylated rabbit anti-mouse IgG (DAKO E464) diluted 1500 in PBS-BSA; and (c) alkaline phosphataselabeled streptavidin (DAKO D396) diluted 1:lOO in PBS-BSA. The incubations were separated by three 5-min washes in PBS. For double staining the biotinylated rabbit anti-mouse IgG was replaced with a biotinylated goat anti-mouse IgG antibody (DAKO E433). Alkaline phosphatase activity was detected either by development in bromochloroindolyl phosphate-nitroblue tetrazolium (BCPNBT) or in a naphthol-AS-MX-Fast Red TR (Fast red) medium (Ziomek et al., 1990; Leary et al., 1983) . Both media contained 1 mM levamisole to inhibit non-intestinal-type alkaline phosphatase activity. Controls consisted of (a) deletion of probe; (b) substitution of the rat probes with the mismatching human probe, and (c) pre-treatment of sections with RNAse as described (Larsson et al.. 1988) . Further supportive procedures (Northern blotting and double staining with immunofluorescence) were also performed as detailed below.
Model Systems. A sense oligodeoxynucleotide corresponding to the sequence of gastrin mRNA complementary to the RutGu~4 probe was spotted at 100 ng to 10 fg on 0.22-pm nitrocellulose sheets using a hybrislot apparatus. After drying and baking as described the sheets were hybridized with the RatGus4 probe exactly as previously described . After stringency washes, hybrids were detected using either the APAAP or the ASAP procedure and development in BCIP-NBT medium.
Northern Blotting. RNA was extracted from frozen antropyloric mucosa as described (Gozes et al., 1984; Auffray et al., 1980) . Total RNA was electrophoresed (10-15 pg/lane) in 0.8% formaldehyde-agarose gels and blotted onto nitrocellulose membranes (Larsson et al., 1988) . Filters were hybridized with biotinylated oligodeoxynucleotides, washed in 1 x SSC or 0.1 x SSC at 45'C, blocked in Tween 20, and submitted to the ASAP detection scheme (see below). Parallel gel lanes were loaded with an RNA base ladder and stained with ethidium bromide.
Immunocytochemistry and Double Staining. Deparaffinied 5-pm sections were hydrated and reacted with a series of rabbit antibodies detecting the middle and C-terminal regions of gastrin-17 as previously described (Larsson and Rehfeld, 1977) . The site of antigen-antibody reaction was revealed either by the peroxidase-anti-peroxidase (PAP) procedure of Sternberger (1979) . using development in diaminobenzidine-H202 (Graham and Karnovsky, 1966) . or by indirect immunofluorescence using fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG or AMCA-labeled goat anti-rabbit IgG antibodies (Dakopatts). Sections previously hybridized and reacted with the ASAP procedure (using biotinylated goat antimouse IgG) were developed in Fast red medium and were subsequently submitted to indirect immunofluorescence using F I E -or AMCA-labeled second antibodies (Larsson and Hougaard, 1992) . Double-stained preparations were analyzed in a Leitz Aristoplan fluorescence microscope equipped for epi-illumination with filter blocks for broad-band and narrow-band FITC excitation, AMCA and rhodamine excitation, as well as with an FIK/rhodamine (Omega; Wild Leitz AIS, Glosuup, Denmark) filterblock. The Fast red reaction product emitted red fluorescence and was also detectable by transillumination in white light Ziomek et al., 1990) .
Controls consisted of conventional staining controls (Larsson, 1988) as well as absorption controls using synthetic pentagastrin and synthetic human gastrin I (IC1 Pharmaceuticals; Cheshire, UK).
Image
Analysis. An Olympus BH-2 microscope (Olympus; Tokyo, Japan) equipped with a monochrome Sony CCD camera with all automatic functions disabled was employed. Specimens were illuminated with monochromatic light (585 10 nm) corresponding to the isobestic wavelength of the BCIFWBT reaction product (Butcher, 1972 (Butcher, ,1978 . Hybridizations were carried out in fourfold probe excess (20 ng/ml). Timed measurements of the progression of development were made in pilot experiments to ensure that experimental analyses were restricted to the linear phase of color development (cf. In addition, cell numbers per mm length of antropyloric mucosa were determined. As previously described (Larsson et al., 1991) . the system was spatially calibrated by a stagc micrometer and optical densities were calibrated by a set of neutral gray filters. Statistics (regression analysis, Mann-Whitncy U-test) were computed using the StatVicwII program (Abacus Concepts: Berkeley. CA). All analyses were performed blind using coded specimens.
Results

Model Studies
Nitrocellulose hybrislot models were hybridized with the RatGas4 probe and the biotin label detected by either the ASAP or APAAP procedure, followed by BCIP-NBT development. After only 4 min of development the 1O-fg spot was visible with the ASAP procedure, whereas the IO-pg spot was faintly visible by the APAAP procedure (Figure 1) . The models were made translucent by micro- Figure 1 . Note a good linear correlation between signal ( C w ) and the logarithm of the concentration. Note also that the ASAP method is considerably more sensitive than the APAAP method.
tome oil and submitted to image analysis using a x 1.25 objective (Wild Leitz AIS). As previously documented for the APAAP procedure (Lanson et al., 1991) there was a good linear correlation between the signal and the logarithm of the concentration for both procedures (Figure 2 ).
Tissue Studies
Hybridizations with the two RatGas probes and detection with either the ASAP or the APAAP procedure on antropyloric mucosa of freely fed rats revealed reactions in endocrine-like cells situated in the basal half of the mucosa (Figure 3a) . Hybridizations with the human gastrin probe (7 mismatches to the rat gastrin mRNA sequence) produced no signal. Use of RNAse-pre-treated sections as well as deletion of the probe failed to produce staining ( Figure  3b ). Comparisons revealed that both rat probes produced nearly equivalent signals (CPV -c SD): RatGas3.111.69 f 13.22; RatGas4, 107.94 2 8.06 (n = 18 for each). Sections hybridized with either the RatGas3 or the RatGas4 probe and developed with the Fast red medium were subsequently restained for gastrin by indirect immunofluorescence. The results showed that almost all reactive cells were both gastrin mRNA positive and gastrin immunoreactive. Occasional rare cells were either only hybridization positive or only immunofluorescent. Best contrast between the Fast red fluorescence and immunofluorescence was obtained with FITClabeled antibodies and excitation using a broad-band FITC filter block or the omega block. However, AMCA-labeled antibodies were also useful for double staining. Immunocytochemical controls using gastrin-pre-absorbed primary antibodies were devoid of immunofluorescence. Development with the BCIP-NBT medium took onethird to half of the time needed in the Fast red developer. Timed measurements of the development in the BCIP-NBT medium revealed a linear increase in signal (CPV value) over 15 min, after which a plateau phase was reached. Image analyses were accordingly restricted to specimens developed within 15 min. Repeated measurements on the same material revealed our analytical variation to correspond to a coefficient of variation of 3.85. In freely fed rats the degree of staining varied from weak to strong Over individual gastrin cells. After starvation for different times there was a highly significant and progressive drop in CPV values recorded over individual gastrin cells. In addition, there was a highly significant drop in the number of detectable cells after starvation (Figures 3c and 4) .
The ontogenetic development of rat antropyloric gastrin cells was followed both by immunocytochemistry and by in situ hybridization using the RatGus4 probe. The first positive cells were detected immediately before birth (19-to 21-day-old rat fetuses) by both methods. In newborn rat pups both methods regularly detected gastrin cells and demonstrated a progressive increase in cell number up to the period of weaning (Figure 5) . Double staining for gastrin and gastrin mRNA demonstrated a considerable heterogeneity among cells during the first week of neonatal life. Thus, during this period some cells showed only a hybridization signal whereas others displayed only immunoreactivity ( Figure 6 ). Most cells. however. were both hybridization positive and immunoreactive and the frequency of such cells increased progressively until the second to third postnatal week, when nearly all cells were posi- tive for both mRNA and peptide ( Figure 6 ). Occasionally the cells showed a prefirrential Iodization of the hybridization signal to the apical (supranuclear) region and of immunostaining to the basolateral (infranuclear) region. Such polarized distribution of mRNA and gastrin was most apparent during the neonatal period.
Northem blots of total anuopyloric mucosal RNA revealed that both RatGar probes reacted exclusively with a band of about 650 bases, corresponding in size to rat gastrin "A. a I 1 ' i BL Figure 6 . Sections through antropyloric mucosaof (a) Way-old and @) 1Mayold rats, first processed for gastrin mRNA detection (Reffie54 probe, ASAP method, Fast red development) followed by indirect immunofluorescence for gastrin (C-terminal gastrin antibody, FlTcconjugated anti-rabbit igG). The sections were photographed using the Leitz FITChhodamine (omega) filter block. Note that there is considerable heterogeneity in gastrin mRNA (red) and gastrin (green) expression in the Wayold rat but that at 10 days virtually all cells express both gastrin mRNA and gastrin. Ban: a = 20 pm; b = 50 rm.
Discussion
Our results clearly document that rat gastrin mRNA can be localized and quantitated. Two sequence-specific probes were employed. Image analyses performed on sections hybridized with either probe revealed virtually identical signal levels. Northern blotting confirmed the specificity of the RatGas3 and RatGas4 probes. After fasting for different times a highly significant and progressive decrease in signal was observed in rat gastrin cells. In addition, starvation also led to a decrease in the number of reactive cells. These observations agree closely with previous biochemical measurements on antropyloric gastrin mRNA levels duringfasting (Wu et al., 1990) and, together with our controls, further validate the specificity of the rat gastrin mRNA detection. Double staining of hybridized sections for gastrin immunoreactivity revealed that in adult rats almost all cells simultaneously displayed a hybridization signal as well as hormone immunoreactivity.
Both the APAAP and the ASAP methods were useful for detecting rat gastrin mRNA with both probes. However, with the ASAP method development times were much shortened. Moreover, model staining experiments documented that the ASAP method was more sensitive than the APAAP technique. This increased sensitivity could be of importance in cases where only few molecules of mRNA occur per cell. The signal obtained by both detection systems varied linearly with the logarithm of target concentration (cf. . The sensitivity of both methods was dependent on the time of development. Thus, as previously noted ( , prolonged development times result in higher sensitivity. With longer development times, however, background staining increased, particularly in tissue sections. Therefore, although both methods were useful for gastrin mRNA, shorter development times and lower background staining were obtained with the ASAP method. This was particularly evident in starved rats in which gastrin mRNA levels were dramatically reduced in many cells.
Studies on the ontogenetic development of mRNA and peptide immunoreactivity in rat antropyloric gastrin cells revealed a great parallelism. These data agree with earlier immunocytochemical and radioimmunoassay studies (Larsson et al., 1974 (Larsson et al., ,1976 . However, double staining revealed that during early development some discrepancies occurred with respect to mRNA and protein expression. In addition, during early development a striking polarized distribution of mRNA and hormone occurred in some gastrin cells. We have previously noted a similar polarized distribution in adult human gastrin cells . In human, the mRNA signal corresponded to the site of the granular endoplasmic reticulum, whereas most of the gastrin immunoreactivity corresponded to the site of the hormone-storing secretory granules. It is possible that a similar explanation can account for the distributions noted in developing rat gastrin cells. The discrepancies found between gastrin mRNA and peptide expression during development are interesting. In adult animals discrepancies between mRNA and peptide content have been noted for vasopressin neurons in Brattleboro rats and for the opioid peptide system in the heart (Howells et al., 1986; McCabe et al., 1986) . Gastrin mRNA levels fluctuate rapidly during fasting and feeding, which, in fact, is the reason why gastrin cells are useful as a model system for in situ hybridization. The regulatory peptide somatostatin has been shown to decrease gastrin mRNA stability and gastrin gene expres-sion (Karnik and Wolfe, 1990) , and our current data show that fasting decreases gastrin mRNA to undetectable levels in many cells. Possibly, regulatory factors during early ontogeny could cause gastrin mRNA levels to fluctuate rapidly and the picture obtained by in situ hybridization could reflect differences in transcriptional and translational events as well as in gastrin mRNA stability. Previous studies have revealed the existence of transient gastrin cell populations in neonatal rat duodenum and pancreas (Larsson et al., 1976) . It is possible that dynamic exchanges and transdifferentiations between endocrine cell types in rat antrum could also contribute to the discrepant expression of mRNA and peptide. Quantitation of the phenomenon was not attempted, as sectioning artifacts of the polarized gastrin cells were likely to influence the result.
In conclusion, our studies document that chemically biotinylated probes are useful for detecting mRNA by in situ hybridization. Two probes directed to two ddferent regions of rat gastrin mRNA produced indistinguishable results (sequence-specific hybridization) and were by Northern blotting found to react with a single, appropriately sized RNA species. RNAse pre-digestion removed the signal, and a probe to human gastrin mRNA with mismatches to the rat sequence failed to reveal rat gastrin cells while being potent in detecting human gastrin cells (cf. Larsson and Hougaard, 1992) . In adult rats most cells displayed both gastrin mRNA and gastrin immunoreactivity, while during early development some discrepancies were noted. Model studies and histophysiological experiments proved that relative quantitation of cellular gastrin mRNA levels was possible. This agrees with our previous studies on pituitary ACTH cells and underlines the suitability of non-radioactive in situ hybridization for both densitometric and morphometric applications.
